UNLV Retrospective Theses & Dissertations
1-1-2006

Corrosion and metallurgical behavior of alloy C-22 for hightemperature applications
Raghunandan A Karamcheti
University of Nevada, Las Vegas

Follow this and additional works at: https://digitalscholarship.unlv.edu/rtds

Repository Citation
Karamcheti, Raghunandan A, "Corrosion and metallurgical behavior of alloy C-22 for high-temperature
applications" (2006). UNLV Retrospective Theses & Dissertations. 2003.
http://dx.doi.org/10.25669/g1b0-6s4v

This Thesis is protected by copyright and/or related rights. It has been brought to you by Digital Scholarship@UNLV
with permission from the rights-holder(s). You are free to use this Thesis in any way that is permitted by the
copyright and related rights legislation that applies to your use. For other uses you need to obtain permission from
the rights-holder(s) directly, unless additional rights are indicated by a Creative Commons license in the record and/
or on the work itself.
This Thesis has been accepted for inclusion in UNLV Retrospective Theses & Dissertations by an authorized
administrator of Digital Scholarship@UNLV. For more information, please contact digitalscholarship@unlv.edu.

CORROSION AND METALLURGICAL BEHAVIOR OF ALLOY C-22 FOR
HIGH-TEMPERATURE APPLICAITONS

by

Raghunandan A Karamcheti
Bachelor of Engineering in Mechanical Engineering
Kuvempu University, India
November 2001
A thesis submitted in partial fulfillment
of the requirements for the

Master of Science Degree in Mechanical Engineering
Department of Mechanical Engineering
Howard R. Hughes College of Engineering

Graduate College
University of Nevada, Las Vegas
December 2005

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

UMI Number: 1438434

INFORMATION TO USERS

The quality of this reproduction is dependent upon the quality of the copy
submitted. Broken or indistinct print, colored or poor quality illustrations and
photographs, print bleed-through, substandard margins, and improper
alignment can adversely affect reproduction.
In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if unauthorized
copyright material had to be removed, a note will indicate the deletion.

UMI
UMI Microform 1438434
Copyright 2007 by ProQuest Information and Learning Company.
All rights reserved. This microform edition is protected against
unauthorized copying under Title 17, United States Code.

ProQuest Information and Learning Company
300 North Zeeb Road
P.O. Box 1346
Ann Arbor, Ml 48106-1346

Reproduced witfi permission of tfie copyrigfit owner. Furtfier reproduction profiibited witfiout permission.

T h esis A pproval
The G raduate College
University of Nevada, Las Vegas

October 312005

The Thesis prepared by
R aghunandan A. K a ra m c h e ti
Entitled

Corrosion and Metallurgical Behavior of Alloy C-22 for High-Temperature
Applications________________________________________________________

is approved in partial fulfillment of the requirements for the degree of
M a s te r o f S c ie n c e i n M e c h a n ic a l E n g in e e r in g _________

4/ : .
Examination Committee Chair

Dean o f the Graduate College

Examination Committee Member

Examination Committee M^Hiber

Pv

/

'ge F a a ^t / Representative

11

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

ABSTRACT
Corrosion and Metallurgical Behavior of Alloy C-22 for
High-Temperature Applications
by
Raghunandan A Karamcheti
Dr. Ajit K. Roy, Examination Committee Chair
Associate Professor of Mechanical Engineering,
University of Nevada, Las Vegas
Austenitic Alloy C-22 has been tested for evaluation of its tensile and corrosion
properties under conditions relevant to the nuclear hydrogen generation process known as
the sulfur-iodine cycle. The results of tensile testing indicate that this alloy may be
capable of maintaining metallurgical stability and enhanced ductility at temperatures up
to 600°C. The stress-corrosion-cracking data suggest that this alloy may not undergo
cracking in an acidic solution at 90°C at constant-load, the true failure stress (of) was
significantly reduced under a slow-strain-rate condition using both smooth and notched
specimens. The magnitude of the critical potentials determined by a polarization
technique became more active with increase in temperature. The application of anodic
control potential resulted in enhanced cracking tendency of Alloy C-22 showing reduced
ductility, failure time and Of. The corrosion rate in a similar environment at 150°C was
enhanced at longer test duration showing a nonlinear weight loss versus time relationship.
The fractographic evaluations of the broken specimen by scanning electron microscopy
revealed dimpled microstructure indicating a ductile failure.
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CHAPTER 1

INTRODUCTION
Fossil fuels have played a significant role in global economy for many
generations. In the United States alone, 80 percent of the energy is generated by fossil
fuels. However, the extensive use of fossil fuels world-wide has enhanced the carbon
dioxide (COj) content by more than 25 percent in recent years. The US alone emits more
than twice as much as fossil-generated CO% as the remaining countries of the world. The
generations of increased CO 2 content along with other green-house gases such as methane
and nitrous oxide are leading to global warming, increasing the earth’s surface
temperature substantially. Scientists believe that fossil fuels are diminishing in a rapid
rate due to their continually extensive usage in global power generation.
The extinction of fossil fuels from the earth’s crust, the increased levels of
emission of CO 2 and green-house gases pose an enormous challenge to the modem day
researchers to invent alternate sources of energy. There is a consensus that hydrogen may
be a viable energy source if it can be produced economically on a commercial scale.
Although hydrogen is available abundantly on earth in various forms, the large scale
production of hydrogen is an uphill task. Hydrogen can, however, be generated by
dissociating the molecules of water or methane that requires high amount of energy for
economic and large scale production.

1
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The energy required for hydrogen production can, however, be met by using the
nuclear source. High-temperature gas-cooled reactors have recently been identified as
alternate sources of heat for producing hydrogen without the usage of fossil fuels or the
emission of green house gases. The systematic steps involved in hydrogen production
using nuclear power are shown in Figure 1.1. As shown in this figure, a nuelear reactor is
used to produce the heat energy for the hydrogen generation process. In order to avoid the
loss of heat during the heat transfer process, an intermediate heat exchanger (IHX) is
used in between the nuclear reactor and the hydrogen-generation plant. Thus, the
performance of the structural materials used in both the IHX and the heat exchanger
contained inside the %

generation plant plays a significant role in successful

implementation of H 2 generation using this eoncept.

1
W a te r

O xvgen

N viclear R e a c to i’

I iite r in e d ia te
H eat E xchanger

H y d r o g e n G e n e r a tio n P la n t

Figure 1.1 : Different Components of Nuclear Hydrogen Generation System
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Three different water splitting cycles namely, sulfur-iodine (S-I), calciumbromine (Ca-Br) and high-temperature electrolysis (HTE) have recently been identified
for nuclear hydrogen generations'^ Both the S-I and Ca-Br cycles are thermochemical in
nature. This investigation is focused on the use of S-I cycle alone, since the US
Department of Energy (USDOE) selected this process as the primary technology in
generating hydrogen using nuclear power.
%
The chemical reactions involved in the S-I cycle are shown below. Reaction 1 is
known as the Bunsen reaction. It is an exothermic reaction, which occurs spontaneously
at temperatures ranging between 20 and 100°C. At certain reactant concentrations,
involving an excess of iodine, a phase separation occurs between the two acidic products
leading to the formation of sulfuric acid

(H 2S O 4)

(HI) and vice versa. Reaction 2 involves the

H 2S O 4

principally devoid of hydrogen iodide
decomposition steps, characterized by

2-stage endothermie reactions, as shown by reactions 3 and 4. The reaction 3 occurs at
temperatures ranging from 400-500°C, whereas the reaction 4 occurs at a temperature of
approximately 750°C in the presence of a solid catalyst such as platinum. Reaction 5
involves the decomposition of the hydroiodic acid (HIx). This is slightly endothermie,
and can be conducted in the liquid or gaseous phase.
I2 4- SO 2 4- 2 H 2 O —^ 2HI
H 2 SO 4

SO 3

2HI

H 2 SO4 (120°C min.)

H 2 O 4- SO 2 4- Vi O 2 (800°C min.)

H 2 SO 4 —>H 2 O
2

4-

^ 2

4-

(Reaction 2)

SO 3

(Reaction 3)
(Reaction 4)

S O 2 4- O 2

H2 4-

12

(Reaction 1)

(400°C

min.)

(Reaction 5)
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The concept of hydrogen generation using the S-I cycle is illustrated in Figure
. , identifying the different sections within the high-temperature heat-exchangers

1 2

(HTHX), where different chemical reactions, shown earlier, can take place. The
generation of sulfuric acid and hydrogen iodide according to the reaction

1

occurs in the

section 1 of the HTFIX. The output from the hydrogen-generation plant (HTHX) consists
of different operations. The residual sulfur dioxide
( S O 3)

(S O 2)

generated from sulfur trioxide

decomposition is removed by use of the oxygen scrubber, and the majority of the

oxygen gas is vented to the atmosphere, while a portion of it is used to strip SO 2
remaining in the dense HIx liquid.

S O , + MX

I SO.

IWATER

Heat
Section :

h

Figure 1.2: S-I Cycle

The processed HIx is subsequently transferred to section 3, shown in the above
figure. The stripped SO 2 is used to react with water in the light liquid phase in the sulfuric
4
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acid boosted reactor. The liquid solution containing H 2 SO 4 is then pumped into section

2

of the HTHX, where the H 2 SO 4 from section 1 is concentrated, and eventually
decomposed into SO 2 , O 2 and water. The incoming H2 SO 4 from section 1, along with the
internally recycled H 2 SO 4 , is concentrated to about 40 mole percent in a high pressure 4stage isobaric concentrator. Water is boiled off within each chamber when H 2 SO 4
solution flows through multiple serially connected and heated chambers within the
coneentrator, thus, resulting in liquid phase concentrated H 2 SO 4 and vapor phase of
steam. Some of the heat required to preheat the steam prior to the vaporization is
recovered from the liquid product of the isobaric concentrator. The remaining energy
required for heating, vaporizing and decomposition of the sulfuric acid is obtained from
high-temperature process from the associated nuclear reactor.
The concentration of HI and its decomposition at moderate temperature is
accomplished in section 3 of the HTHX, as shown in Figure 1.2. The HI, which is still
pressurized, is then continuously heated in a distillation network to remove the residual
iodide from hydrogen. The high pressure and low temperature of the scrubber contained
in the distillation column result in a relatively low water content, thus generating
hydrogen.

l.I Alternate Methods to Generate Hydrogen
Other methods such as Ca-Br cycle and HTE may also be used to generate
hydrogen using nuclear power. The Ca-Br cycle operates at temperatures lower than that
of the S-I system. The HTE method uses the technology of solid-oxide-fuel-cells to split
steam into hydrogen and oxygen involving temperatures ranging from 750 to 900°C. The
HTE system is conceptually simpler in comparison to those of the two thermochemical
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cycles, cited earlier. However, this investigation is primarily focused on the use of S-I
cycle to generate hydrogen using nuclear power. Therefore, no detailed discussions are
presented in this thesis on the Ca-Br and H TE cycles.

1.2 Objective o f the Project
Even though only one operating cycle, namely S-I is being considered for nuclear
hydrogen generation, it is obvious that the materials used in the proposed HTHX system
have to withstand significantly high operating temperatures and damaging chemical
species. Under such hostile operating conditions, the structural materials used in HTHX
may become susceptible to degradations such as general corrosion, localized corrosion,
stress-corrosion-cracking (SCC) and/or hydrogen-embrittlement (HE). Further, they may
be subjected to plastic deformation at elevated temperatures. Therefore, the identification
and selection of structural materials possessing superior corrosion resistance and
enhanced resistance to plastic deformation at elevated temperature pose an enormous
challenge to scientists and engineers designing the proposed heat-exchanger system.
Based on an intensive literature search, Ni-hased Alloy C-22 has been identified
as a candidate structural material for extensive evaluations of its metallurgical and
corrosion characteristics. This face-centered-cubic (FCC) alloy has been known to be
highly corrosion resistant with significant high-temperature deformation resistance due to
the presence of alloying elements such as chromium (Cr), molybdenum (Mo), cobalt (Co)
and tungsten (W) in it. This alloy has been extensively used in many industrial
applications requiring superior metallurgical and corrosion properties. Therefore,
substantial efforts have been made in this study to evaluate the high-temperature tensile
properties, and corrosion resistance of Alloy C-22 in a simulated environment using
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many state-of-the-art experimental techniques. The fundamental concepts of materials,
mechanical engineering, and electrochemistry have been applied to characterize this alloy
for successful application in the heat-exchangers to accomplish the proposed nuclear
hydrogen generation as an alternate source of energy. Surface analysis techniques
including optical microscopy and scanning-electron-microscopy (SEM) have also been
employed to better understand the deformation and degradation mechanisms of this alloy.
The resultant data will be presented in this thesis elucidating the prospective application
of this alloy as a structural heat-exchanger material for successful generation of hydrogen
using nuclear power.
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CHAPTER 2

MATERIAL, SPECIMENS AND ENVIRONMENTS

2.1. Test Material
The structural materials to be used for HTHX applications must withstand hightemperature and aggressive chemical species. Simultaneously, they should satisfy the
design and fabrication requirements. Since, the nickel-base materials, in general, are
known to perform satisfactorily in these hostile environments due to their superior hightemperature tensile properties and corrosion resistance. Alloy C-22, manufactured by the
Haynes International Inc. was identified as the test material for metallurgical and
corrosion characterization in this study. This alloy has been extensively used in numerous
industrial applieations including petrochemical, power generation, and pharmaceuticals,
where resistance to high-temperature deformation and environment-induced-degradation
is highly warranted. This alloy has also recently been seen selected as the outer barrier
material in the nuclear waste package for the Yucca Mountain project.
Alloy C-22 is known to exhibit a significant level of ductility due to its highdegree symmetry of the crystal structure and the presence of many slip systems that can
promote plastic deformation with ease.'^'^^ These characteristics enable Alloy C-22 to be
fabricated to different sizes and shapes without any difficulty. The presence of alloying
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elements such as chromium (Cr), molybdenum (Mo) and tungsten (W) in this low-carbon
containing austenitic alloy can inhibit uniform and intergranular corrosion in many
oxidizing and reducing acidic environments. The presence of Mo can significantly reduce
the localized corrosion tendency in many hostile e n v iro n m e n ts.T h e fact that this alloy
possesses a significant amount of nickel, thus ensuring an austenitic structure, can inhibit
hydrogen-induced-degradation. Further, the presence of low-carbon content can also
prevent intergranular attack. W hile exposed to many aggressive environments.
Alloy C-22 is a single-phase solid solution strengthened alloy, not hardenable by
conventional aging treatment. This alloy is also readily wieldable. Solidification occurs
with the formation of close-packed intermetalic constituents. The typical physical
properties of Hastelloy C-22 are given in Table 2.1.^^^ Hastelloy C-22 was procured from
the Haynes International Inc. in a thermally-treated condition. They were solution
annealed at temperatures ranging from 2000-2100°F (1093 to 1148°C) followed by
quenching. The chemical composition and the room temperature tensile properties are
given in the Tables 2.2 and 2.3, respectively.
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Table 2.1 Physical Properties of Hastelloy C-22
0
Temperature, C
24

Metrie Units
8.69 g/cm^

1357-1399

—

24

1.14 mierohm-m

24-93

12.4 X 1 0 'W m .K

Thermal Diffusivity

21

2.7 X 10"^ m^/s

Thermal Conductivity

48

10.1 W/m.K

Specific Heat

52

414J/K g.K

Physical Property
Density
Melting Range
Electrical Resistivity
Mean Coefficient of Thermal Expansion

Table 2.2 Chemical Composition of Alloy C-22 Tested (wt.%)

Heat
No.
2277
3
3280

Element (wt.%)
Ni
Bal

C
0.004

Co
1.43

Cr
21.46

Fe
3.76

Mn
0.25

Mo
13.32

P
0.010

s
Si
0.004 0.03

V
0.11

w
3.13

Table 2.3 Ambient Temperature Mechanical Properties of Alloy C-22
Heat #
2277 3 3280

Yield
Strength (ksi)
49.1

Ultimate Strength
(ksi)
113

%E1
62

%RA
83

2.2. Test Specimens
The speeimens tested in this investigation include cylindrical specimens
(with/without notch) of different dimensions for tensile and SCC testing, and small
cylindrieal specimens for electrochemical polarization studies. Smooth eylindrieal

10
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specimens having 4-inch overall length, 1-inch gage length and 0.25-inch gage diameter
were used for tensile properties, and SCC evaluations in a simulated environment.
For SCC testing under controlled electrochemical potentials (anodic), the
dimension of the smooth cylindrical specimen was modified to reduce the gage length (1)
and diameter (d), while maintaining the 1/d ratio at 4, as prescribed by the ASTM
Designation E

8

^^ The notched specimen had a circular notch of 0.156-inch diameter at

the centre of gage section with a root radius of 0.0468-inch. The notched specimens were
used to study the effect of stress concentration on the tensile properties and the SCC
susceptibility of Alloy C-22. The stress concentration factor (K J corresponding to this
notch configuration was approximately 1.45. The magnitude of Kt was determined from
the following calculations

and the plot shown in Figure 2.1.^^^^^
D

0 .2 5 0 in

d

0.156/n

D

r

1
r
~d

(Equation 3.1)

= 1.60

0.0468 in
0.156 in

(Equation 3.2)

0.3 0

Where,
D = gage diameter,
d = notch diameter
r = radius of curvature at the root of the notch

11
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Figure 2.1 : Stress Concentration Factors for Grooved Shafts

Specimens for localized corrosion studies were also manufactured from the same heat
of material. These specimens had smaller length and diameter of 0.4881-inch and 0.37inch, respectively with a central blind hole for holding it with a stainless steel rod.
Rectangular coupons having dimensions 1.25 x 0.75 x 0.125 inches were machined for
corrosion studies at elevated temperatures using an autoclave. A circular hole having
diameter 0.25 inch was machined in the top center of these coupons to insert a glass rod
for holding then in a sample holder during the autoclave testing. The geometric
configurations of all types of tested specimen in this investigation are shown in Figures
2.2, 2.3 and 2.4, respectively.

12
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(b) Notched Specimen
Figure 2.2: Schematic view of the Tensile Specimens
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SCALE

1.5!

Figure 2.3: Schematic view of Polarization Specimen

0.323 -I

Figure 2.4: Schematic View of Coupon

2.3. Test Environment
Environment can have a profound influence on the performance of the heat
exchanger materials. A material may undergo destruction or deterioration due to its
reaction with the environment depending on the type of environment. As indicated

14
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earlier, there are three viable options to produce hydrogen using nuclear power. However,
this investigation is concentrated on the S-I cycle only. Since hydrogen is proposed to be
generated by thermochemical reactions involving sulfuric acid (H 2 SO 4 ) leading to the
production of oxygen and sulfur dioxides, different types

of corrosion-related

degradations can be experienced by a candidate heat exchanger material such as Alloy C-

22 .
Three different types of degradations that can be encountered by Alloy C-22 in a
prototypic environment are general corrosion, localized corrosion (pitting and crevice),
SCC and/or hydrogen embrittlement (HE). The susceptibility to these degradation modes
may be influenced by factors such as the type of material, a potent environment and a
critical stress level, tensile in nature. In view of the applicability of the S-I cycle, a
simulated environment was used in all testing, which consisted of sulfuric acid (H 2 SO4 ),
sodium iodide (Nal) and deionized water. The corrosion studies in the presence of H 2 SO4
and Nal were performed to enhance the cracking susceptibility of Alloy C-22 due to the
detrimental effect of iodine to promote degradations. However, testing was also
performed in the absence of Nal in the autoclave at an elevated temperature, to determine
the corrosion rate as a function of the test duration. The pH of the solution was
approximately I.O in either case. The composition of this test solutions are given in Table
2.3.

15
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Table 2.3 Chemical Composition of Test Solutions (gram/liter)
Solution (pH)

Nal

H 2S O 4

Acidic (1.0)

1 0 .0

Added to adjust the desired pH

Acidic (1.0)

None

Added to adjust the desired pH

With respect to the mechanical properties evaluation using the MTS unit, tensile
testing was performed at ambient and elevated temperatures (450 and 600°C) in the
presence of nitrogen to prevent oxidation and film formation during testing.

16
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CHAPTER 3

EXPERIMENTAL PROCEDURES
The ambient and elevated temperature tensile properties of Alloy C-22 were
determined by using an axial/torsional material testing equipment (MTS). The
susceptibility of this alloy to SCC was evaluated in an aqueous solution containing
H 2 SO 4 and Nal by using constant-load (CL) and slow-strain-rate (SSR) testing techniques
at a temperature of 90°C. The susceptibility of this material to localized corrosion was
evaluated by using the electrochemical cyclic potentiodynamic polarization (CPP)
technique. The effect of electrochemical potential on the cracking behavior of this alloy
was determined by applying anodic (positive) potentials with respect to the critical pitting
potential (Epit), while the specimen was strained in tension in the presence of the aqueous
solution. Further, optical microscopy and SEM, respectively were used to evaluate the
metallurgical microstructures and the morphology of failure in the tested specimens.

3.1. Tensile Testing
The tensile properties including the ultimate tensile strength (UTS), yield strength
(YS) and ductility parameters such as percentage elongation (%E1) and percentage
reduction in area (%RA) were evaluated at ambient temperature, 450 and 600°C using the
MTS unit. The smooth cylindrical specimens were strained in tension at the strain rate of
lO'^/see according to the ASTM Designation E

8

.^*^ A minimum of two specimens were

17
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tested under each experimental condition and the average value was recorded. The
experimental data including the load, time, and extensometer reading were recorded in
the data file at the rate of 100/sec. The engineering stress versus engineering strain (s-e)
diagrams were developed using these data. The magnitude of YS was determined by the
point of intersection of a line drawn parallel to the linear portion of this curve at a strain
offset value of 0.2% of strain. UTS and %E1 were also determined from these s-e
diagrams.
The MTS unit Model 319.25, shown in Figure 3.1, had an axial load transducer of 55
kip (250 KN) and a torsional load transducer of 20,000 Ibf-in (2200 N-m) capacity. It had
a hydraulically-controlled actuator with 5.5” stroke and approximately 55° angular
rotation. It consisted of a large heavy-duty load frame with an adjustable crosshead
attached to the wedge grip at the top, and a movable actuator with another wedge grip at
the bottom to enable loading and unloading of the test specimen. The axial motion was
controlled by force, displacement, or an external signal from the strain gage. The
torsional motion was controlled by torque, angular position, or an external signal from
the strain gage. The specimen was mounted between two wedge grips and was pulled by
the movable actuator. The load cell, contained in the crosshead, measured the applied
force on the tensile specimen. The movement of the crosshead relative to the locked
crosshead generated the strain within the specimen and consequently, the corresponding
load.
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Figure 3.1: Tensile Testing Setup

The MTS unit was modified to accommodate high-temperature testing in the
presence of nitrogen using a ceramic-lined custom-made chamber. The testing
temperature inside this chamber was monitored by two K-type thermocouples. A pair of
custom-built water-cooled specimen grips made of maraging steel (M250) was attached
to the MTS machine to prevent these grips from being heated during testing at elevated
temperatures. Temperature profiles were developed to determine the times needed to
achieve the desired test temperatures as a part of the furnace calibration process. The
resultant times and the environment chamber set point temperatures for different target
temperatures in the presence of nitrogen gas at 20 bar on Argon scale are shown in Table
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3.1. It should, however, be noted that nitrogen was used during testing performed at 450
and 600°C to prevent oxidation and contamination of the specimen surface.

Table 3.1 Minimum Time to Reach the Desired Temperature
Material

Target temperature
(°C)

Alloy C-22

Environmental chamber
set point temperature

Minimum time to reach
the target temperature
(minutes)

1 0 0

(°C)
143

300

363

60

400

467

55

500

563

50

600

658

50

The MTS machine was equipped with an

60

8

-channel signal-conditioning box for

monitoring the strain gages, extensometers, and temperature sensors. Signals from this
box were processed directly by the MTS control software programs (Test Star 790.00 v
4.0E and Test Ware SX v 4.0D) that automatically controlled all signals during testing. A
laser extensometer having a scan rate of 100 scans/sec was added to this MTS unit to
measure the elongation of the gage section of test specimen during pUstic deformation
under tensile loading.

3.2. Constant-load SCC Testing
A calibrated proof ring was used for constant-load (CL) SCC testing. The proof rings
were specifically-designed to meet the National Association of Corrosion Engineers
(NACE) standard TM-01-77.

Each individually-calibrated proof ring was made by

Cortest Inc. and was accompanied by a calibration curve showing the load versus

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

deflection of the ring. The test specimens were loaded under a stress state of uniaxial
tension. The ring deflection was measured with a 8-9" diameter micrometer, with the
supplied dial indicator providing a check. The proof rings were fabricated from precisionmachined alloy steel.
Tension on the proof ring was quickly and easily adjusted using a standard wrench
on the tension-adjusting screw and lock nut. A thrust bearing distributed the load and
prevented seizure. Specimen grips in these proof rings were made of stainless steel, fullyresistant to the testing environments. The environmental test chamber was secured with
0-ring seals that prevented any leakage during testing. Chambers made of highly
corrosion-resistant Hastelloy C-276 were used for testing at elevated temperatures. The
experimental setup is shown in Figure 3.2.

#
A - Dial Gage
B - Rmof King
C - Test Specimen
I) - Fnvimnmenial Chamber

Figure 3.2: Constant-load Test Setup

The amount of deflection needed to apply the desired load in the CL testing was
determined by use of the calibration curve of each proof ring, as shown in Figure 3.3.
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The magnitude of the applied stress was based on the ambient temperature tensile YS of
the test material. The specimens were loaded at stress values equivalent to different
percentages of the test material’s YS value, and the corresponding time-to-failure (TTF)
was recorded. The determination of the SCC tendency using this technique was based on
the TTF for the maximum test duration of 30 days. An automatic timer attached to the
test specimen recorded the TTF. The cracking susceptibility was expressed in terms of a
threshold stress (Oth) below which cracking did not occur during the maximum test
duration of 30 days.

y -S 4 l7 1 x -2 f?.S 4

[Y= Load; X=De£lection]

m o
itm
^

eooo

C 5000
# 0 0

3000

DWhcWon (ilk. I

Figure 3.3: A Typical Calibration Curve of a Proof Ring

3.3. Slow-Strain-Rate SCC Testing
SCC testing using the slow-strain-rate (SSR) method was performed by use of
specially-designed system known as a constant-extension-rate-testing (CERT) machine,
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as shown in Figure 3.4. The CERT machine enabled testing to simulate a broad range of
load, temperature, strain- rate and environmental conditions using both mechanical and
electrochemical

corrosion

testing

techniques.

These

machines,

designed

and

manufactured by Cortest Inc., offered accuracy and flexibility in testing the effect of
strain rate, providing up to 7,500 lbs of load capacity with linear extension rates ranging
from 10 ^ to 10'^ in/sec. To ensure the maximum accuracy in test results, this apparatus
was comprised of a heavy duty load-frame that minimized the system compliance while
maintaining precise axial alignment of the load train. An all-gear drive system provided
consistent extension rate. Added features included a quick-hand wheel to apply a pre-load
prior to the operation.

X t.viyi
1.1 ' Tvp A ciyafor

Figure 3.4: CERT Machine for SCC Testing

The SSR test setup used in this investigation consisted of a top-loaded actuator,
testing chamber, linear variable differential transducer (LVDT) and load cell as shown in
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Figure 3.5. The top-loaded actuator was intended to pull the specimen at a specified strain
rate so that the spilled test solution, if any, would not damage the actuator. A heating coil
was connected to the bottom cover of the environmental chamber for elevatedtemperature testing. A thermocouple was connected through the top cover of this
chamber to monitor the testing temperature. The load cell was intended to measure load
through an interface with the front panel. The LVDT was used to record the displacement
of the gage section during testing.

:fep p ef m otor p o w e r drive

Lood

LVDT

j p o in t

Froof p anel
\jGer intertaoe

Tes#ng c tia m b e r

^ecim en

Figure 3.5: SSR Test Setup

Prior to the performance of SCC testing by the SSR technique, the load-framecompliance factor (LFCF), which indicates the deflection in the frame per unit load, was
determined by using a ferritic Type 430 stainless steel specimen. The generated LFCF
data are shown in Figure 3.6. These LFCF values were given to the load frame
acquisition system prior to the SCC testing.
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Figure 3.6: Load Frame Compliance Test

The SCC phenomenon of engineering materials is a consequence of two major factors
including the applied or residual stress and a potent environment. If the stress is applied
to the specimen at a very fast rate while it is exposed to the aqueous environment, the
resultant failure may not be different from the typical mechanical deformation produced
without an environment. Conversely, if the strain rate is too slow, the resultant failure
may simply be attributed to the corrosion damage due to the breakdown of the protective
surface film by interaction of the test material with the susceptible environment.
A strain rate of 3.3x10 ^ sec"' was used to evaluate the combined effect of the applied
load and the environment during the SCC testing. The selection of this optimum strain
rate was based on the results of SSR testing obtained at the Lawrence Livermore National
Laboratory (LLNL).^'^’

The cylindrical specimen was continuously strained in tension

until fracture, according to the ASTM Designation G 129,

in contrast to more

conventional SCC test conducted under a sustained loading condition. The application of
a slow dynamic straining during the SSR testing to the specimen caused failure that
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probably might not occur under a constant load or might have taken a prohibitively
longer duration to initiate cracks in producing failures of the tested specimens.
Load versus displacement and stress versus strain curves were plotted during SSR
testing. Dimensions (length and diameter) o f the test specimens were measured before
and after testing. The cracking tendency of the test specimen was expressed by the timeto-failure (TTF), and a number of ductility parameters such as %E1 and %RA. Further,
the true failure stress (Of) determined from the stress-strain diagram and the final
specimen dimensions were taken into consideration to characterize the cracking
tendency. The magnitudes of %E1, %RA and Of were calculated using the following
equations;

xlOO

El

xlOO

%RA

(Equation 3.1)

(Equation 3.2)

(Equation 3.3)

Or =
f
A,

yrxD..
(Equation 3.4)

=

nxD

^/=-

f

(Equation 3.5)

Where,
Ao = Initial cross sectional area
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Af= Cross sectional area at failure
Pf= Failure load
Of = True Failure Stress
Lo= Initial length
Lf= Final length
Do= Initial diameter
Df= Final diameter

3.4. Electrochemical Testing
3.4.1. Cyclic Potentiodynamic Polarization Testing
The susceptibility of Alloy C-22 to localized (pitting and crevice) corrosion was
determined by performing cyclic potentiodynamic polarization (CPP) experiments in the
simulated environment using Model PC14 GAMRY potentiostat .

The CPP testing

was based on a three-electrode polarization concept, in which the working electrode
(specimen) acted as an anode and two graphite electrodes (counter electrodes) acted as
cathodes (Figure 3.7). The reference electrode was made of Ag/AgCl solution contained
inside a Luggin probe having the test solution that acted as a salt bridge. The tip of the
Luggin probe was placed within a distance o f 2 to 3 mm from the polarization specimen,
as shown in Figure 3.8.
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Figure 3.7: Electrochemical Testing Setup
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Eigure 3.8: Luggin Probe Arrangement
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From an electrochemical point of view, oxidation reaction takes place at the
working electrode (specimen) and a reduction reaction occurs at the counter electrodes
(graphite rods). At the onset of the CPP testing, the corrosion or the open circuit potential
(Ecorr) of the specimen was determined with respect to the Ag/AgCl reference electrode,
followed by forward and reverse potential scans at the ASTM specified

rate of 0.17

mV/sec. An initial delay time of 50 minutes was given for attaining a stable Ecorr value.
The magnitudes of the critical pitting potential (Epit) and protection potential (Eprot), if
any, were obtained from the CPP diagram. Prior to the CPP testing, the potentiostat was
calibrated according to the ASTM Designation G 5.

Calibration of the potentiostat

was performed to generate a characteristic potentiodynamic polarization curve (Figure
3.9) using a small cylindrical specimen of ferritic Type 430 stainless steel exposed to 1
Normal (IN ) sulfuric acid

(H 2S O 4)

solution at 30°C.

t I3djf nami C

0

,:

A

10

O'

CWAENT(%NSrrf

Figure 3.9: Standard Potentiodynamic Polarization Plot (ASTM-G 5)
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3.4.2. SCC Testing under Potentiostatic Control
Electrochemistry plays

an important role in characterizing the

cracking

susceptibility of materials while loaded in tension in the presence of a potent
environment. This type of environment-assisted cracking is known to be influenced by
the nature of applied electrochemical potential to the test specimen during straining at a
certain rate. In view of this rationale, SCC tests under the SSR condition were performed
using anodic applied potentials. The breakdown of the protective surface film by applied
potential, noble to the critical pitting potential can induce embrittlement in metals and
alloys. This type of cracking represents a typical manifestation of SCC caused initially by
localized attack, followed by the initiation o f crack at this localized region, which can
subsequently propagate due to the applied stress.
The nickel-base Alloy C-22 develops austenitic microstructure due to the
presence of high nickel content. The austenitic materials are known to prevent hydrogeninduced damage even though they can experience degradations due to the breakdown of
surface films. In view of this rationale SCC testing under potentiostatic control was.
performed at potentials more noble (-t-300 and 4-400 mV, Ag/AgCl) with respect to the
critical pitting potential determined in an acidic solution containing Nal. The potential
control testing was performed under the SSR condition.
For SCC testing under Econt, the smooth cylindrical specimens were modified to
achieve thinner gage section while still maintaining the l/d ratio at 4. In order to apply the
external potential from a calibrated Potentiostat, the top shoulder of the cylindrical
specimen was spot-welded with a conductive metallic wire to allow flow of electrons to
the central portion of the gage section during straining under the SSR condition. Further,
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this conductive wire was coated with a lacquer to prevent its direct contact with the test
solution. The spot-welded specimen was subjected to the selected Econt value for the
entire straining period until it failed. The cracking susceptibility of Alloy C-22 was
expressed in terms of ductility parameters (%E1 and %RA), TTF and Of resulting from
anodic charging of the test specimens. The configuration of the spot-welded specimen
and the experimental setup used in Econt testing are illustrated in Figures 3.10 and 3.11,
respectively.

Figure 3.10: Spot-Welded Cylindrical Specimen

Figure 3.11: SCC Test Setup under Controlled Potential
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3.5 Corrosion Testing at Elevated Temperature
Attempts were made to determine the weight-loss of coupons made of Alloy C-22
in a 150°C aqueous solution containing sulfuric acid. The high-temperature autoclave
test setup is shown in Figure 3.12. Duplicate specimens were exposed to the test solution
for a variable time period. These coupons were removed from the autoclave at intervals
of 7, 14 and 28 days. The weight of the coupons, before and after exposure was measured
and the weight-loss was determined as a function of the exposure period. The corrosion
rate of Alloy C-22 was subsequently determined in terms of mils per year (mpy) using
Equation 3.6. The appearance of the coupons was examined visually and by the optical
microscope to characterize the corrosion damage.
mpy

^
DAT

Where,
W: Weight-loss of the test coupon (mg)
D: Density of the test material (gm/cm^)
A: Surface area of the coupon (in^)
T: Total exposure time (hrs)
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(Equation 3.6)

Controller
Autoclave

Chamber

Figure 3.12: Autoclave Test-Setup

3.6. Optical Microcopy
Characterization of metallurgical microstructures of engineering materials was
performed by optical microscopy. The tested specimens were sectioned and mounted by
standard metallographic techniques, followed by polishing and etching to reveal their
microstructures including the grain boundaries. The polished and etched specimens were
rinsed in deionized water, and dried with acetone and alcohol prior to their evaluation by
the model 4001 Leica microscope having a magnification up to lOOOX. The presence of
secondary cracks, if any, along the gage section of the failed specimen was also
determined by this technique.
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Figure 3.13: Leica Optical Microscope

3.7. Scanning electron microscopy
Failure analyses of metals and alloys involve the determination of the nature and
extent failure. Failure can occur by one or more of several mechanisms, including surface
damage, such as corrosion or wear, elastic or plastic deformation and fracture. Failures
can be classified as ductile or brittle. A ductile failure is characterized by a dimpled
microstructure. On the other hand, brittle failure can be characterized by cleavage
showing either intergranular or transgranular cracking. The morphology and the extent of
failure in the tested specimen was determined by scanning electron microscopy (SEM). A
model 2605 Joel SEM was used to evaluate the fractography of the tested specimens.
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CHAPTER 4

RESULTS
As mentioned in the preceding chapters, this research work was focused on
evaluating both the metallurgical and corrosion behavior of a candidate structural
material namely Alloy C-22 for application in nuclear hydrogen generation. The results
of metallurgical characterization including microstructural and tensile properties
evaluations have been presented below followed by the elucidation of data resulting from
different types of corrosion testing.

4.1 Metallurgical Data
Alloy C-22 was tested in a solution annealed condition, as indicated earlier. The
metallurgical microstructure obtained by the conventional metallographic technique is
shown in Eigure 4.1, illustrating the conventional austenitic microstructures (austenitic
grain and annealing twins), as expected for a nickel-based alloy.
The results of tensile testing performed at ambient temperature, 450 and 600°C
are shown in Figure 4.2 in the form of engineering stress vs. engineering strain (s-e)
diagram, superimposed as a function of the testing temperature. An evaluation of these
plots clearly indicates that the failure strain (ef) was significantly enhanced at 450 and
600°C compared to that at the ambient temperature. It is interesting to note that the
enhanced ductility in terms of ef at elevated temperatures may be the result of increased
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plastic deformation due to the presence of multiple number of slip planes in random
directions

associated with the presence

of high nickel content in this alloy.

Figure 4.1: Optical Micrograph of Alloy C-22, 5% HN 0 3 + 9 5 % Methanol, 5OX
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Figure 4.2: s-e Diagrams vs. Temperature
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1

The data shown in Figure 4.2 are reproduced in Table 4.1, showing the magnitude
of yield strength (YS), ultimate tensile strength (UTS) and percentage elongation (%EL).
An evaluation of this table clearly indicates that the magnitude of both YS and UTS was
gradually reduced with increasing temperature, as expected. While both these parameters
were reduced at 450°C compared to those at the ambient temperature, very small
reductions in these parameters were noted at 600°C. These data clearly indicate that the
resistance of Alloy C-22 to plastic deformation can be retained even at temperatures in
the vicinity of 450 to 600°C.
While tensile testing at temperatures beyond 600°C is yet to be performed, it can
be concluded that Alloy C-22 is capable of maintaining its stmctural integrity even at
elevated temperatures approaching 600°C. A temperature of 600°C is very close to the
operating temperatures (up to 900°C) for the H 2 SO 4 decomposition process in the S-I
cycle under the Nuclear Hydrogen Initiation (NHI) program. The s-e tensile data may
suggest that Alloy C-22 will be a suitable stmctural material for heat-exchanger
applications. The enhanced metallurgical stability of Alloy C-22 in terms of its YS and
UTS at the tested temperatures may eventually be verified by additional testing currently
being performed by UNLV researchers at temperatures above 600°C.
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Table 4.1 Tensile Properties of Alloy C-22 at Different Temperatures

Temperature (°C)

Average
YS, ksi
(Mpa)

Average
UTS, ksi
(Mpa)

Average
%E1

Ambient

52 (359)

114 (786)

6 6

450

37(255)

89(614)

80

600

35 (241)

84(579)

80

4.2 SCC testing at Constant-Load
Even though the operating temperatures during hydrogen generation using nuclear
power may be unusually high, SCC testing involving smooth and notched specimens
were performed at temperatures ranging from ambient to 90°C in an environment
containing sulfuric acid and sodium iodide. The results of SCC testing involving smooth
cylindrical specimens of Alloy C-22 at constant-load (CL) indicate that no failures were
observed in 30-day test even at an applied stress corresponding to 95% of its room
temperature YS value. Thus, the threshold stress (oth) value for SCC of this alloy in the
tested solution may lie in the vicinity of 0.95YS. The overall SCC data generated at CL
based on duplicate testing are shown in Table 4.2.

38

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Table 4.2 Constant-Load SCC Test Results

Environment
pH
Temperature

%Applied Stress/
Load ksi (Mpa)

Failure/No Failure

Smooth Tensile

Acidic Solution
(H2S 0 4 +NaI+H 2 0 )

95 % YS / 50 (345)

No Failure

Notched Tensile

pH =l

70% Y L /9 2 (634)

No Failure

Specimen Type

90°C

The effect of stress concentration on the cracking susceptibility of Alloy C-22 was
investigated by performing duplicate tests involving notched cylindrical specimens. The
data given in Table 4.2 indicate that no failures were experienced by the notched
specimens at applied load equivalent to 70% of its yielding load (YL). The notched
specimens could not be stressed above this load level since they underwent plastic
deformation causing failure while being loaded. Thus, the notch specimens had a
threshold load (ol) value of 0.7YL when tested in the 90°C acidic solution.

4.3 Results of SSR Testing
The results of SCC testing involving both smooth and notched specimens
performed under a SSR condition are shown in Figures 4.4 and 4.5, respectively. Both
figures illustrate the s-e diagrams obtained in the acidic solution, superimposed as a
function of the testing temperature. An examination of figures indicates that the failure
strain was substantially reduced in the presence of a notch. Nevertheless the failure stress
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was reduced with either type of specimen at 90°C, showing a detrimental effect of the
elevated temperature.
The SSR data, shown in Figures 4.3 and 4.4, are reproduced in Table 4.3 showing
the magnitude of total time to failure (TTF), true failure stress (Of) and ductility
parameters as functions of the testing environment (air versus acidic solution) and the
specimen configuration. These data indicate that the magnitude of Of was reduced by an
appreciable amount for both types of specimens, even though very little changes in %E1
and TTF were experienced by them. In view of these results, it can be concluded that
while the ductility of Alloy C-22 in terms of %E1 may not be influenced by the changes
in environment and temperature but, the magnitude of Of may be significantly influenced
by both the testing environment and temperature.

Acidic Sol. -RT
Air -RT

Acidic Sol. -90°C

1 pa=0006S9.<MPa

Alloy C-22, Smooth Tensile Specimen.
SSR Testing

0

07

01

Strain

Figure 4.3: Comparison of s-e Diagrams at Different Temperatures
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Figure 4.4: Comparison of s-e Diagrams at Different Temperatures

Table 4.3 SSR Test Results

Environment/
Specimen Type

%E1

Temperature
(°C)

%RA

Of
ksi (Mpa)

TTF
(hours)

277
(1910)
272
(1875)
250
(1724)
179
(1234)
158
(1089)
157
(1082)

74.4

Air/Smooth Tensile

RT

2 1 .6

81.2

Acidic Sol. /Smooth Tensile

RT

21.4

80.9

Acidic Sol. /Smooth Tensile

90

20.9

80.6

Air/Notched Tensile

RT

2.9

59.8

Acidic Sol./Notched Tensile

RT

3.0

54.6

Acidic Sol./Notched Tensile

90

2.9

53.5
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73.9
72.8
11.4
11.4
1 1 .2

4.4 CPP Test Results
The results of localized corrosion study using the cyclic potentiodynamic
polarization (CPP) method in a similar environment at 30 and 90°C are shown in Figures
4.5 and 4.6, respectively. These results indicate that Alloy C-22 did not exhibit any
positive hysteresis loop even though an active to passive transition was noted at both
temperatures. On the contrary, during the reverse potential scan, the polarization diagram
traced back indicating the formation of protective oxide films due to the generation of
oxygen at high current density, thus, reducing the general dissolution rate. A similar type
of CPP diagram has been noticed for active to passive metals

in the presence of

aggressive chemical species. Since, the CPP diagram did not exhibit a positive hysteresis
loop during the reverse potential scan, the protection potential (Eprot) could not be
detected.

Alloy C-22,
Solution Annealed

In I

Figure 4.5: CPP Diagram in Room Temperature Acidic Solution
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ri
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c
Alloy C-22,
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Figure 4.6: CPP Diagram in 90°C Acidic Solution

The magnitudes of the average value of corrosion potential (Ecorr) and the critical
pitting potential (Epit) based on testing are shown in Table 4.5. These data indicate that
both parameters became active (negative) at 90°C, showing a trend which is consistant
with the observations made by other researchers

The variations of Ecorr and Ep^ with

temperature in the tested solution are shown in Figures 4.7 and 4.8, respectively. The
visual examination of the polarized specimens showed no signs of pitting or crevice
corrosion.

Table 4.4 Critical Potentials vs. Temperature
Room Temperature
Average

90^:

Ecorr ,mV

Average
Epit, mV

(Ag/AgCl)

Average
Epit, mV
(Ag/AgCl)

(Ag/AgCl)

(A g /A g C l)

283

600

269

499

Ecorr ,mV

Average
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Figure 4.7: Ecorr vs. Temperature
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Figure 4.8: Epit v s. Temperature

4.5 Results of Autoclave Testing
The results of corrosion testing involving coupons of Alloy C-22 in an autoclave
containing an acidic H 2 SO 4 solution at 150°C are shown in the Table 4.5. The weight loss
of duplicate coupons as a function of test duration is shown in this table. As expected, the
extant of weight loss was increased at longer exposure period. However, it is interesting
to note that the rate of increase in weight loss was reduced at longer exposure period
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showing a non-linear behavior in weight loss vs. exposure time. The variation of weight
loss with time is illustrated in Figure 4.9.

Table 4.5; Results of Autoclave Testing at 150°C

Test Duration
(hrs.)

Specimen 1
Weight Loss
Corrosion Rate
(mpy)
(mg)

Specimen 2
Weight Loss
Corrosion Rate
(mg)
(mpy)

168

73

12

6 8

11

336

1 0 2

8

101

8

672

129

5

1 2 0

5

^

w

140

Specim en 1

120-

Specim en!

100 -

ë . 80
o

00

40 ^

A lloy C-22,
S olution Annealed

200

0

200

400

000

Time (hrs)

Figure 4.9: Weight-loss Vs Time

4.6 SSR Testing under Anodic Ecom
It is well known that cracking of a structural material in a susceptible environment
may be influenced by externally applied potential of current. Since, nickel-base austenitic
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Alloy C-22 may undergo cracking at potential more noble (positive) with respect to the
critical pitting potential (Epit). SCC testing was performed under the SSR condition at
potentials of +300 and +400 mV (Ag/AgCl) with respect to the 90°C Epu value. The
control potential (Econt) values corresponding to these potential were +800 and +900 mV
(Ag/AgCl), respectively.
The results of SCC testing at these Econt values are shown in Figure 4.10. A
detrimental effect of larger Econt value on the cracking susceptibility in terms of failure
strain and TTF is illustrated in this figure. The magnitude of Of, TTF and ductility
parameters with and without Econt is given in Table 4.6. It is obvious that all four
parameters were reduced at the most noble potential with respect to the Epit value.
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80000
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70000 60000 -
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50000 40000 -
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30000

Alloy C-22,

20000
10000
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S tr a in

Figure 4.10: s-e Diagrams of Anodic E,cont
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0.35

Table 4.6 Results of Anodic Econt Tests Performed at 90°C in an Acidic Sol.
(H 2 SO 4 + Nal+HzO)

Potential

%E1

%RA

Of, ksi

TTF, hours

None

7.35

54.4

324.7

28.18

+800 mV

6.92

52.0

2912

24.03

+900 mV

6.63

48.4

2824

23.94

Applied

4.7 Fractographic Evaluations
SEM was used to analyze the extent and morphology of failure at the primary fracture
surface of the cylindrical specimens used in tensile and SCC testing to develop a basic
understanding on the failure mechanism. The SEM micrographs of the fracture surface of
the smooth and notched specimens used in tensile, SSR (smooth and notched cylindrical
specimens) and potentiostatic tests are shown in Figures 4.11, 4.12, 4.13 and 4.14,
respectively. It was observed that, irrespective of the testing method, the failure of Alloy
C-22 was predominantly ductile, showing dimpled microstructure.
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(a) Ambient Temperature, lOOX

k! f

5*^

(b) 450°C, lOOX

(c) 600°C, lOOX
Figure 4.11; SEM Micrographs of Smooth Cylindrical Specimen (MTS)
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(a) Ambient Temperature, 500X

(b) Ambient Temperature, Acidic Solution, 500X

(c) 90°C, Acidic solution, 500X
Figure 4.12: SEM Micrographs of Smooth Cylindrical Specimen (SSR Testing)
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(a) Ambient Temperature, 500X
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(b) Ambient Temperature, Acidic Solution, 500X
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(c) 90°C, Acidic solution, 500X
Figure 4.13: SEM Micrographs of Notched Cylindrical Specimen (SSR Testing)
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(a) Without Econt, 500X

(b) +300mV, 500X

# :

%

(c) +400mV, 500X
Figure 4.14: SEM Micrographs of Modified Cylindrical Specimen (with and without
Anodic Econt, SSR Testing)
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CHAPTER 5

DISCUSSION
Identification and selection of suitable structural materials for heat-exchanger
applications associated with hydrogen generation using nuclear power is an enormous
task. These materials to be selected are expected to withstand very severe operating
conditions including elevated temperatures and aggressive chemical species such as
sulfur and iodine during hydrogen generation. A nickel-based austenitic alloy, known as
Alloy C-22 has been identified and characterized for its high temperature tensile
properties and corrosion resistance in environments relevant to the S-I cycle proposed for
hydrogen generation using nuclear power. As mentioned in the previous chapter,
numerous state-of-the-art experimental techniques have been utilized to characterize the
metallurgical and corrosion behavior of Alloy C-22. The microstmcture of Alloy C-22
evaluated by optical microscopy revealed an austenitic microstmcture including the
presence of annealing twins, which are typical of solution-annealed nickel-based alloy.
The results of tensile testing at ambient temperature, 450 and 600°C indicate that the
magnitude of YS and UTS was reduced at 450 and 600°C compared to those at ambient
temperature. The reduction in YS and UTS can be attributed to the enhanced plastic flow
at elevated temperatures. However, the variation in YS and UTS at 450 and 600°C were
insignificant. On the other hand, the ductility parameter such as % El was increased with
an increase in the testing temperature. This phenomenon may be due to the high degree of
52
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symmetry of a face-centered-cubic crystal structure and the presence of many slip
systems in Alloy C-22, which could promote enhanced plastic deformation in these
alloys. This data clearly suggest that Alloy C-22 may be capable of maintaining the
structural stability in this temperature regime without causing any drop in strength while
maintaining significant ductility in terms of elongation. It is anticipated that this material
may be capable o f maintaining reasonably high structural stability at temperatures even
above 600°C.
The precise operating environment for hydrogen generation using the S-I cycle is yet
to be finalized. Since the hostile environments associated with the S-I cycle could not be
accommodated at UNLV, an aqueous solution containing

H 2S O 4

and Nal was used to

evaluate the corrosion behavior of Alloy C-22 using state-of-the-art experimental
techniques. The SCC testing at constant load was performed using both smooth and
notched cylindrical specimens. The SCC data using the smooth specimens indicate that
this material did not exhibit any failure in the 90°C acidic solution at an applied stress
corresponding to 95% of the material’s room temperature YS value. With respect to the
cracking susceptibility of the notched specimens, no failures were observed at an applied
load corresponding to 70% of its YS value. These data may suggest that the threshold
stress (oth) for SCC for this alloy in a 90°C acidic solution may lie in the vicinity of
0.95YS and 0.7YL for smooth and notched specimens only.
The susceptibility of Alloy C-22 to SCC was also determined in the similar acidic
solution at 90°C by using the SSR technique. The results involving smooth specimens
indicate that the cracking tendency in terms of the ductility parameters and TTF was not
significantly influenced by the variation in temperature from ambient to 90°C. However,
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the magnitude of Of was substantially reduced at the elevated temperature. The magnitude
of Of in the notched specimen was significantly lower compared to that of the smooth
specimen due to the stress concentration effect, and shorter failure time due to the
presence of the notch.
The results of CPP testing indicate that Alloy C-22 exhibited an active/passive
behavior, and significant resistance to localized attack by demonstrating a negative
hysteresis loop during the reverse potential scan.

This phenomenon is commonly

associated with the formation of protective oxide layer on the specimen surface due to the
generation of oxygen by electrolysis of water at high cunent densities. The results of CPP
testing also indicate that both Ecorr and Epu became more active (negative) at 90°C. This
observation is consistent with the findings of other investigators

on the role of

temperature on critical potentials.
Since, the structural materials may be influenced by electrochemical potential
developed during their exposure in an aqueous solution, the cracking susceptibility of
Alloy C-22 was determined by applying anodic controlled potential to the test specimens
during straining of the specimens under a SSR condition. The results of SCC study under
controlled anodic applied potential indicate that the magnitude of TTF and %E1 was not
significantly changed under controlled potential.
Since, SCC testing under constant-load and SSR conditions could not be performed at
temperatures above 90°C, conosion testing involving Alloy C-22 coupons were
performed in an autoclave in the presence of an acidic solution (without any iodine) at
150°C. The results indicate that the rate of weight loss with time was gradually reduced
due to the variation of exposure period from 7 to 14 to 28 days. It is interesting to note
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that Alloy C-22 did not suffer from localized attack due to its exposure in a corrosive
environment even at a temperature of 150°C. The reduced rate of weight loss with longer
duration can be attributed to the formation of a thicker surface film to prevent dissolution.
The fractographic evaluations of the primary fracture surface of broken specimens,
and in tensile and corrosion testing, by SEM revealed dimpled microstructures indicating
ductile failure.
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CHAPTER 6

SUMMARY AND CONCLUSION
Nickel-based Alloy C-22 was tested for evaluation of its tensile properties at ambient
and elevated temperatures. The susceptibility to SCC behavior was determined by SSR
and CL testing techniques, using smooth and notched specimens. The localized corrosion
behavior was determined by the CPP method. The effect of applied potential on cracking
behavior has been studied under anodic controlled potentials. Corrosion rates of coupons
at an elevated temperature were determined using an autoclave. Fractographic and
metallographic evaluations of the tested specimens were performed by SEM and optical
microscopy, respectively. The significant conclusions drawn from this investigation are
summarized below.

•

The tensile data indicate that Alloy C-22 is capable of maintaining
appreciably high tensile strength even at a temperature of 600°C.

•

The ductility in terms of %E1 was enhanced at elevated temperatures. The
enhanced ductility may be attributed to increased plasticity at elevated
temperatures and presence of numerous randomly oriented slip planes.

•

No failure was observed at constant-load when tested in the 90°C acidic
solution at an applied stress equivalent to 0.95YS.
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•

The true failure stress (Of) was substantially reduced at an elevated
temperature for both smooth and notched specimens tested under a SSR
condition. However, the magnitude of %E1, %RA and TTF was not influenced
to that extent by the testing temperature.

•

Corrosion rate enhanced at longer test duration showing a nonlinear weight
loss versus time relationship.

•

The susceptibility of Alloy C-22 to SCC was more pronounced with the notch
specimens in SSR test to the stress concentration effect.

•

Both Ecorr and Ep^, determined by the CPP technique, became more active
with increasing temperature.

•

The application of anodic potential during straining of the specimens resulted
in enhanced cracking susceptibility showing reduced ductility parameters,
TTF and Of.

•

Fractographic evaluation by SEM revealed dimpled microstructure at the
primary fracture surface, indicating ductile failures. A metallographic
microstructure typical of a solution annealed nickel-based alloy was observed
in the optical micrograph.
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CHAPTER 7

SUGGESTED FUTURE WORK
Evaluation of tensile properties at temperatures above 600°C, preferably up to
1000°C using the Instron testing machine.
Evaluation of stress corrosion cracking susceptibility using self-loaded specimens
(C-ring, U-bend and double cantilever beam) at elevated temperatures using an
autoclave.
Evaluation of fracture-toughness and crack growth rate.
Characterization of defects (dislocations) in tensile specimens by transmission
electron microscopy.
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APPENDIX A

MTS DATA
AT Stress-Strain Diagrams using Smooth Specimens Tested at Room Temperature
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APPENDIX B

SSR DATA
B l. Stress-Strain Diagrams in Air using Smooth Specimens
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B3. Stress-Strain Diagrams in Acidic solution at 90°C using Smooth Specimens
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B5. Stress-Strain Diagrams in Acidic solution at Room Temperature using Notch
Specimens
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B 6 . Stress-Strain Diagrams in Acidic solution at 90°C using Notch Specimens
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1.40E-01

APPENDIX C

CPP DATA

C l. CPP Diagrams at 30°C
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APPENDIX D
SEM MICROGRAPHS
D l. SEM Micrographs of Smooth Tensile Specimen Tested at Room Temperature, MTS

i
Magnification 35X

Magnification lOOX
D2. SEM Micrographs of Smooth Tensile Specimen Tested at 450°C, MTS
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D3. SEM Micrographs of Smooth Tensile Specimen Tested at 600°C, MTS

M agnification lOOX

D4. SEM Micrographs of Smooth Tensile Specimen Tested in Air at RT, SSR

Magnification 35X
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D5. SEM Micrographs of Smooth Tensile Specimen Tested in Acidic Solution at RT,
SSR
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Magnification 500X

D 6 . SEM Micrographs of Smooth Tensile Specimen Tested in Acidic at 90°C, SSR

Magnification 35X
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D7. SEM Micrographs of Notched Tensile Specimen Tested in Air at RT, SSR
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D 8 . SEM Micrographs of Notched Tensile Specimen Tested in Acidic Solution at RT,
SSR
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D9. SEM Micrographs of Notched Tensile Specimen Tested in Acidic Solution at 90°C,
SSR
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M agnification 500X
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APPENDIX E

UNCERTAINTY ANALYSES OF EXPERIMENTAL RESULTS
A more precise method of estimating uncertainty in experimental results has been
presented by Kline and McClintock. The method is based on a careful specification of the
uncertainties in the various primary experimental measurements. For example, the
maximum load-cell reading of the slow-strain-rate (SSR) unit is 7500 lbs ± 0.3% lbs.
When the plus or minus notation is used to designate the uncertainty, the person
making this designation is stating the degree of accuracy with which he or she believes
the measurement has been made. It is notable that this specification is in itself uncertain
because

the

experiment

is

naturally

uncertain

about

the

accuracy

of

these

measurements.
If a very careful calibration of an instrument has been performed recently, with
standards of very high precision, then the experimentalist will be justified in assigning a
much lower uncertainty to measurements than if they were performed with a gage or
instrument of unknown calibration history.
Most of the instruments in the Materials Performance Laboratory (MPL) were
calibrated on a regular basis by Bechtel Nevada using standards with very high precision.
Thus, it is expected that the resultant data presented in this dissertation would have very
insignificant uncertainty. The uncertainties in the results of this investigation are
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calculated by using the Kline and McClintock Method. The equation used for this method
is given below.
\2

dR

Where,

W r

dR

+

■W,

4" ' '' 4"

dR

•w„

( 1)

[24]

= the uncertainty in the results

R = the given function of the independent variables xi, x z ,
R = R(Xi,X 2 ,

wi, W2 ,

x„)

Xn)

Wn = the uncertainty in the independent variables

E l Uncertainty Calculation in MTS Results
The results generated from the MTS testing are stress (o), percentage elongation
(%E1), and percentage reduction in area (% R A ). The stress is based on the load (P ) and
the initial cross-sectional area (Ai) of the tested specimen. The %E1 is based on the
change in length (Al) during the testing and the % RA is based on the initial and final
cross-sectional areas (Ai and Af). The magnitude of P was obtained from the load-cell of
the MTS unit. However, the values for Al, Ai, and Af were calculated based
measurements by a caliper. The uncertainties in load-cell and caliper were ± 0.03% lbs
and ± 0.001 in, respectively, obtained from the calibration. The uncertainty in the initial
notched diameter was ±

0

.0 0 1 , which was provided by the manufacturer and the

uncertainty in the final notched diameter was ±

0 .0 0 1

obtained by using the caliper.

E l . 1 Calculation of Uncertainty in Stress (uO)
—u(P, Ai)
u Ai = (uDi)^
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Uncertainty in load-cell

= ± 0.03% lb

Uncertainty in caliper

= ± 0.001 in

Sample calculation:
For yield stress (YS)

= 52 ksi

Uncertainty in load (uP)

= 2545*0.0003
= ±0.7635

Uncertainty in cross-sectional area (uAi) for the smooth specimen:
Initial Diameter (Di)

= 0.25 in

Uncertainty in diameter (uD) = ± 0.001 in

A rea (Ai) =

= 0.049
dA,

tcD,

dD ,

2

= 0.393

Uncertainty in area, „ A. =

0.393*0.001
= ± 0.000393

Uncertainty in stress,

da

<7 =

■P

+

( 1. 1)

p
a =—

A,
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da _ I

aF
= 20.41
da _

P

aA,

A/
= - 1081632.65

Now providing all the numerical values in equation (1.1) obtained from the ealculation, it
is found that,
„ a = [(20.41 * 0.7635)' + (-1081632.65 * 0.000393)'
= 425.36 psi
= ± 0.42 ksi
One example of the use of the uncertainty analysis is shown in this seetion. This can be
implemented to all experimental results discussed in this thesis.

E l.2 Calculation of Uncertainty in Percentage Elongation (u%El)
Sample calculation:
Change in length (Al)

= 0.2105 in

Gage length (1)

= 1 in
%E1= — 100
I

Uncertainty in Al (uAl)

= ± 0.001

Uneertainty in %E1 (u%El),

( 1.2)

,% El =
j
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d % E l _ 100
dM

~

I

=

100

Providing all the calculated values in equation 1.2, it is found that,

„%£:/ = [(100 * 0 .0 0 1 )']2
u%El = ± 0 .1

One example of the use of the uncertainty analysis is shown in this section. This can be
implemented to all experimental results discussed in this thesis.

E2 Uncertainty Calculation in Constant-load (CL) Results
E2.1 Uncertainty Calculation in Applied Stress (Oa):
The uncertainty in applied stresses was calculated using equation 1.1.
E2.2 Uncertainty Calculation in Time-To-Failure (TTF):
The uncertainty in the automatic timer of the CL test setup is ± 0.50.

E3 Uncertainty Calculation in Slow-Strain-Rate (SSR) Testing
E3.1 Uncertainty Calculation in True Failure Stress (uOf)
The uncertainty in the Of is based on the failure load (Pf) and the final cross-sectional
area (A f) of the tested specimen. The uncertainty in the Of was calculated based on the Pf
and Af using the equation 1 . 1 .
E3.2 Uncertainty Calculation in Percentage Elongation (u% El)
The uncertainty in the %E1 was calculated using the equation 1.2.
E3.3 Calculation of Uncertainty in Percentage Reduction in Area (u%RA)
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Sample calculation;
For %RA = 81.2%
Uncertainty in initial cross-sectional area (uAi) for the smooth specimen:
Initial Diameter

(DJ = 0.25 in

Uncertainty in initial diameter,
(uDi) = ±

Area (A,) =

0 .0 0 1

in

tcD,

= 0.049
dA^ _

k D.

dD,
= 0.393

Uncertainty in initial cross-sectional area.

„A- =

dA^

= 0.393*0.001
= ± 0.000393
Uncertainty in final cross-sectional area (uAf) for the smooth specimen:
Final Diameter

(Df) = 0 .1050m

Uncertainty in final diameter (uDf),
=±

Area (Af) =

0 .0 0 1

in

nD ,

= 0.0086
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dAj

ïïD f

dD^

2

= 0.013
Uncertainty in final cross-sectional area.

dA j

"A- =

dD

= 0.013*0.001
= 0.000013
Uncertainty in „%RA,

d% R A

% RA =

dA^

/

~ A

%RA =
V

A

+

A

V ^A

(1.3)

"A
y

*100
y

=

100

A /
9% R A

lOOA,

dA,

= 356.9
d% R A

100

dA f

= - 2040.82
Now assigning all the calculated values in equation 1.3, it is found that,

, %RA = [(356.9 * 0.000393)' + ( - 2040.82 * 0.000013)'
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= 0.14
One example of the use of the uncertainty analysis is shown in this section. This can be
implemented to ail experimental results discussed in this thesis.

E3.4 Uncertainty Calculation in Time-To-Failure (TTF)
The TTF is obtained from the Filed Point software of the slow-strain-rate (SSR) unit,
which is accurate up to

th of a second in finding the TTF. Therefore, the uncertainty

of the TTF in the SSR testing is negligible.

F4 Uncertainty Calculation in Cyclic Potentiodynamic Polarization (CPP) Testing
The accuracy of the potentiostat provided by the manufacturer is ± 0.003 mV within a
range of 1 mV.
Sample calculation: For corrosion potential (Fcon-) = 254.2 mV
The uncertainty in Fcon- = 283*0.003
= 0.849
= ± 0.849 mV
One example of the use of the uncertainty analysis is shown in this section. This can be
implemented to all experimental results discussed in this thesis.
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